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The structure of the diffusion regions in antiparallel magnetic reconnection is inves-
tigated by means of a theory and a Vlasov simulation. The magnetic diffusion is
considered as relaxation to the frozen-in state, which depends on a reference velocity
field. A field-aligned component of the frozen-in condition is proposed to evaluate a
diffusion-like process. Diffusion signatures with respect to ion and electron bulk flows
indicate the ion and electron diffusion regions near the reconnection site. The electron
diffusion region resembles the energy dissipation region. These results are favorable
to a previous expectation that an electron-scale dissipation region is surrounded by
an ion-scale Hall-physics region. [http://dx.doi.org/10.1063/1.4869717]
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Magnetic reconnection relies on the dissipation mechanism in a narrow region surrounding
the X-line, the so-called diffusion region (DR). The structure, dynamics, and observational
signatures of the DR are key topics in reconnection physics, and therefore the DR is the
main target of NASA’s forthcoming Magnetospheric Multiscale (MMS) mission,1 which will
probe near-earth reconnection sites at higher resolution than before.
The word “diffusion region” indicates a region where magnetic diffusion takes place.
However, the concept of the magnetic diffusion is ambiguous. It usually appears in textbooks
on magnetohydrodynamics (MHD) in a reduced form. A single MHD fluid is considered in
a stationary frame and then an electric resistivity is given by the Ohm’s law. Despite these
simplifying assumptions, it is very difficult to formulate the magnetic evolution.2
In collisionless reconnection, it is expected that the DR develops a nested structure of an
outer ion-physics layer and an inner electron-physics layer due to different magnetization.3–5
These layers are popularly called the ion diffusion region (IDR) and the electron diffusion
region (EDR), but they are only loosely defined. Signatures of these DRs, in particular
for the EDR, have been investigated over many years.6–10 In the case of the EDR, one of
the most promising EDR signatures is the nonideal energy dissipation from the fields to
plasmas.10 Its relevance to the magnetic diffusion process deserves further research. In the
case of the IDR, it was recently pointed out that the magnetic diffusion should involve the
violation of the ion frozen-in condition and that the chaotic particle dynamics explains the
ion nonidealness outside the diffusion-like region.11
In this contribution, we discuss basic properties of the DRs in line of Ref. 11 in more
detail. We briefly outline our interpretation of magnetic diffusion, based on fundamental
concepts.12–16 Particular attention is paid to one case of the violation of the frozen-in condi-
tion. Next we test our idea by a Vlasov simulation. Then, we discuss the relevance between
the DRs and the dissipation region from the viewpoint of the energy flow, followed by the
summary.
We begin with an arbitrary Ohm’s law, E + v ×B = R, where v is a smooth velocity
field and R is the sum of the nonideal effects. The induction equation yields
∂tB −∇× (v ×B) +∇×R = 0. (1)
The last term is introduced by the nonidealness, R 6= 0. An Ohm’s law R = ηj with a
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simple scalar resistivity yields
∂tB −∇× (v ×B)− α∆B = 0, (2)
where α = η/µ0 is the diffusion coefficient. This suggests that the magnetic field relaxes into
the ∆B = 0 state through magnetic diffusion. Although the exact form of R is unknown
in a kinetic plasma, we expect that the ∇ × R term approaches zero through magnetic
diffusion-like processes.
The ∇ × R = 0 condition is known as the flux preservation or the flux frozen-in.12,13
When this condition is met, the total magnetic flux through a surface which is moving with
velocity v remains constant, as illustrated in Fig. 1(a). Note that the ideal condition R = 0
is sometimes incorrectly referred to as the frozen-in condition. The frozen-in condition
∇ × R = 0 can be violated by either or both of the following ways: b · (∇ × R) 6= 0
and b × (∇ × R) 6= 0, where b = B/|B| is the field-aligned unit vector. The first case,
b · (∇×R) 6= 0, has largely been ignored in previous literature. It stands for the nonideal
magnetic expansion or compression. SinceB is divergence-free, the field lines are transported
across the curve that bounds the surface (Fig. 1(b)). The second case is related to the
magnetic connectivity of fluid elements, formally known as the line preservation.12,13 We
interpret it as the rotation of the field line (Fig. 1(c)). For example, if no magnetic flux
initially penetrates a comoving surface tangent to the field line, the field line (the dashed
line) will penetrate the surface. The two fluid elements, initially on the same field line, will
be threaded by different field lines after the rotation.
We focus on the first case of the violation, because it better fits our intuition of diffusion
processes. Let us introduce the loss rate of magnetic flux due to the nonideal effects,
L ≡ b · (∇×R). (3)
This corresponds to a free parameter ‘µ’ in a topology-conserving flow [b× (∇×R) = 0] in
Hornig & Schindler 14 , i.e., L = µ|B|. During magnetic diffusion-like processes, we expect
that the magnetic field approaches the ∇ ×R = 0 state via magnetic loss or gain, L 6= 0.
The direction of the flux transfer depends on the context. In general it tends to smooth a
magnetic profile, as indicated by Eq. (2). To see the context, we compare Eqs. (1) and (2)
to estimate an effective diffusivity,
αeff ≡ −b · (∇×R)
b ·∆B . (4)
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We expect αeff > 0 in a diffusion-like context. One may further incorporate the spatial
variation of the diffusivity in Eq. (2). However, since we already limit ourselves to the
field-aligned component, and since the true diffusivity will not be a scalar anyway,17,18 it is
plausible to keep our analysis simple.
Importantly, the Ohm’s law is a function of v, that is, R = R(v). Therefore, the
idealness, the frozen-in, and magnetic diffusion are relative concepts that depend on the
reference velocity field v. Regarding the velocity field v, a magneto-fluid velocity is a
natural choice in the MHD, but we have many choices in a kinetic plasma. In the case of
the EDR, it is reasonable to employ the electron velocity ve as a reference. We expect that
the magnetic field relaxes toward the ∇ ×R(ve) = 0 state in the EDR. We can similarly
discuss the IDR by choosing vi as a reference velocity field.
B
Convection by v
FIG. 1. (a) Flux preservation, ∇×R = 0: the magnetic flux through the curve is conserved. (b)
The violation of the flux preservation in the field-aligned component, b · (∇×R) 6= 0, and (c) in
the perpendicular components, b× (∇×R) 6= 0.
We carry out an electromagnetic Vlasov simulation of magnetic reconnection to test the
above idea and diffusion measures (Eqs. (3) and (4)). In contrast to a popular particle-in-cell
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(PIC) method, the Vlasov method is free from particle noise and therefore more suitable to
see a basic structure and its spatial gradients. Our code solves two spatial dimensions and
three velocity dimensions (r ≡ (x, z)) and (v ≡ (vx, vy, vz)). It employs a conservative semi-
Lagrangian scheme19 and includes recent improvements.20,21 We employ normalized units:
lengths to the ion inertial length di = c/ωpi, times to the inverse ion cyclotron frequency
Ω−1ci = mi/(eB0), velocities to the typical ion Alfve´n speed cAi = B0/(µ0min0)
1/2, and the
electric current to J0 = en0cAi. Here, ωpi = (e
2n0/ε0mi)
1/2 is the ion plasma frequency, n0 is
the reference plasma density, and B0 is the background magnetic field. We consider a Harris-
type initial model in the x-z plane,B(z) = B0 tanh(z/L)ex and n(z) = n0[0.2+cosh
−2(z/L)],
where L = 0.5di is the half thickness of the current sheet. Ions are assumed to be protons.
The mass ratio is mi/me = 25, the frequency parameter is ωpe/Ωce = 4, and the temperature
ratio is Ti/Te = 5. The domain size is x, z ∈ [−12.8, 12.8] × [−6.4, 6.4]. Considering the
symmetry, we internally solve a quadrant x, z ∈ [0, 12.8] × [0, 6.4]. The reconnection is
triggered at the center (x, z) = (0, 0) by a weak perturbation. Open boundaries are used at
the outer boundaries (x = 12.8 and z = 6.4). The quadrant is resolved by 640 × 320 grid
cells. The velocity space is resolved by 403 grid cells with ∆vi = 0.29 and ∆ve = 0.72.
Panels in Figure 2 show physical quantities at t = 30. Although the system is still
evolving, the electron-scale structure near the X-line is well developed at this time. The
flux transfer rate Ey/(cAiB0) at the X-line (the reconnection rate) reaches a quasi-steady
state after t & 20. We confirmed that key features are consistent with the results in PIC
simulations.7,10
Figure 2(a) shows the out-of-plane current density, Jy. It has a two-scale structure
22 of
an intense electron current layer near the midplane (|z| . 0.5) and a broader ion current
layer over few di’s. Figure 2(b) shows the magnetic loss with respect to the ion flow, L(vi).
The positive region ranges widely over |x| . 7. Since the magnetic field decreases from
the upstream regions to the midplane, and since the magnetic gradient (the electric current)
becomes steeper in the closer vicinity of the midplane (z = 0), such magnetic loss is consistent
with magnetic diffusion. It is also evident along the separatrices. This is probably due to
the polarization electric field Ez, but we focus on the central DRs in this paper.
Figure 2(c) focuses on electron outflow vex in the center of the simulation domain. Narrow
bidirectional jets from the X-line are well-known signatures of kinetic reconnection.7 They
also correspond to the electron current layer in |z| . 0.5 (Fig. 2(a)). Electrons undergo
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FIG. 2. Results of the main run at t = 30. The contour lines are in-plane magnetic field lines
and the dashed line indicates the field reversal, Bx = 0. (a) The out-of-plane current density Jy,
(b) the magnetic loss with respect to the ion flow L(vi), (c) the electron outflow speed vex, (d)
the magnetic loss with respect to the electron flow L(ve), (e) the electron nonideal electric field
Rey normalized by cAiB0, (f) an effective diffusion coefficient αeff (Eq. (4)) for ve, (g) the nonideal
dissipation measure De, and (h) the divergence of the electron nonideal Poynting flux.
Speiser-type bounce motion inside this layer.23 Figure 2(d) shows the magnetic loss with
respect to the electron flow, L(ve). In the inflow direction, the magnetic field nonideally
decreases around the compact (red) regions, |x| . 2.5. The magnetic field is nonideally
compressed in the outflow direction along z = 0, as indicated in green. These are expected
signatures of the DR. In addition, there are narrow compression regions on the boundaries
of the electron jets around |x| > 3, |z| ≈ 0.5. This anti-diffusion signature is less apparent in
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PIC simulations. In Fig. 2(e), we show the out-of-plane component of the nonideal electric
field, Rey = (E + ve ×B)y. It consists of the central Rey > 0 region and the outer electron
jets with Rey < 0, as previously reported.
7 Since L(ve) ≈ ±∂zRey around the center, the
length of the loss regions (Fig. 2(d)) are comparable with the length of the Rey > 0 region.
Meanwhile, the compressional (green) region enters the Rey < 0 region at z = 0, as long as
L(ve) ≈ ±∂xRey is nonzero. Figure 2(f) shows an effective diffusivity with respect to the
electron velocity, αeff(ve) (Eq. (4)). We recognize the αeff > 0 region near the center. This
indicates that the magnetic flux relaxes to the electron frozen-in state in a diffusion-like
manner. It looks puzzling near the midplane |z| < 0.25, because the electric current density
has two peaks at z ≈ ±0.25 (Fig. 2(a)). Here electrons are bouncing in z inside the electron
current layer. It is possible that our simple analysis is no longer useful in such an extreme
kinetic limit, and so we may better to rule out this narrow layer. Summarizing these results,
although there is some ambiguity, we recognize a compact region around |x| . 3, |z| . 0.7
(Figs. 2(d) and 2(f)). Since this is identified by a diffusion-like behavior of the magnetic
field with respect to the electron flow, it is reasonable to call it the EDR. As expected, the
EDR is an electron-scale localized region near the X-line.
Figure 2(g) shows a measure of the nonideal energy transfer,10 De ≡ j · (E + ve ×B)−
ρcve · E, where ρc is the charge density. Previous research demonstrated that De marks a
compact site of energy dissipation near the X-line, i.e., the dissipation region.10 The EDR
looks similar to, but slightly wider in z and shorter in x than the dissipation region. We
attribute this minor difference to the energy flow. Applying B· to Eq. (1), we obtain the
nonideal part of the magnetic energy equation,
1
µ0
B · (∇×R) = 1
µ0
∇ · (R×B) + j ·R. (5)
For v = ve, the left hand side gives a similar picture as Fig. 2(d). The first term on the right
is presented in Fig. 2(h) with respect to ve. We interpret
1
µ0
R×B as the nonideal part of
Poynting flux, because we can split Poynting flux into 1
µ0
E×B = 1
µ0
(−v×B)×B+ 1
µ0
R×B.
This nonideal Poynting flux is equivalent to Poynting flux observed in the moving frame with
v. The divergence term in Eq. (5) stands for the energy transfer by the nonideal Poynting
flux. The last term corresponds to the nonideal energy transfer between the field and
plasmas (Fig. 2(g)), as De = j ·R(ve) = j ·R(vi) in a neutral ion-electron plasma.
On the inflow side of the EDR, the magnetic field departs from the electron flow
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(Fig. 2(d)). This is a magnetic diffusion-like behavior. As the electric field becomes
nonideal, Poynting flux is carried by its nonideal part (≈ − 1
µ0
ReyBx). Thus the nonideal
Poynting flux emanates here (Fig. 2(h)). It carries energy in z and then disappears near
the midplane (the blue sinks in Fig. 2(h)), where a plasma gains energy instead, as marked
by De (Fig. 2(g)). As the electrons diverge in x through the Speiser-type motion, the sink
region ranges longer in x than the source regions of the electron nonideal Poyting flux. In
short, the EDR and the dissipation region can be regarded as the upstream source or the
downstream sink of the nonideal Poynting flux.
Diffusion signatures are also found with respect to the ion flow (Fig. 2(b)). This region
should include the IDR. At this point, the size of the IDR remains unclear, because our
simulation box is too small. From the energy viewpoint, the difference between the IDR and
EDR arises from the Poynting flux by the Hall electric field in the generalized Ohm’s law,
B
µ0
(
L(vi)− L(ve)
)
= ∇ ·
(j ×B
en
×B
)
. (6)
This makes sense, because the Hall physics should play a role in the IDR. As well known, the
Hall electric field does not involve direct energy conversion to plasmas. This is complement
to the fact that the IDR does not involve significant energy dissipation De. Practically, it is
difficult to evaluate the diffusivity (Eq. (4)) for the ion flow, because ∆B already contains
electron-scale structures. For better discussion, it is necessary to evaluate magnetic diffusion
in a coarse manner, by averaging physical quantities over an ion-physics scale.
We have examined magnetic diffusion properties in one configuration: symmetric anti-
parallel reconnection. Results can be different in guide-field configuration, in which a non-
reconnecting magnetic field dominates around the reconnection point. Moreover, our dif-
fusion properties differ from the magnetic tilt, or the violation of the line preservation
[b× (∇×R) 6= 0], which indicates “reconnection” of the field lines. In order to see whether
magnetic diffusion is essential, the line preservation as well as the diffusion properties need
to be investigated in various types of magnetic reconnection.
In summary, we have studied the diffusion regions surrounding the X-line in magnetic
reconnection. Recognizing the role of the frozen-in condition in magnetic diffusion, we
have proposed the diffusion properties and have applied them to anti-parallel magnetic re-
connection. Taking advantage of the low-noise Vlasov simulation, we have recognized the
electron-scale and ion-scale DRs. The EDR is almost similar to the dissipation region.
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The minor difference is attributed to the nonideal part of Poynting flux near the X-line.
The difference to the ion-scale region is attributed to Hall physics. These results are consis-
tent with a previous expectation4 that the electron-scale region of the energy dissipation is
surrounded by the larger Hall-physics region.
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